Recovering nitrogen and phosphorus through struvite (MgNH 4 PO 4 ·6H 2 O) crystallization from swine wastewater has gained increasing interest. However, swine wastewater contains complex compositions, which may hinder the formation of struvite crystal and affect the purity of the precipitates by forming other insoluble minerals. In this work, experiments were carried out to evaluate struvite precipitation in the anaerobically digested swine wastewater, with dosing bittern as a low-cost magnesium source. Exceeded 90% phosphate removal and 23-29% ammonium reduction were obtained. FTIR, XRD and mass balance analysis were combined to analyze the species of precipitated minerals. Results showed that the precipitates were struvite, mixed with amorphous calcium phosphate (ACP) and brucite. The presence of Ca 2þ diminished the percentage of struvite and gave rise to ACP formation. Controlling pH below 9.5 and bittern dosage above 1% (w/w) could inhibit ACP precipitation and harvest a highly pure struvite crystal product.
INTRODUCTION
Swine wastewater, containing high concentrations of NH 4 þ -N and PO 4 3À -P, has led to serious water pollution. In China, the discharge amounts of nitrogen and phosphorus from swine wastewater were above 14 million and 3 million tons per year, respectively (Wang et al. ) . Numerous discharges of nitrogen and phosphorus into the environment have been accelerating eutrophication and causing toxic to aquatic lives in the receiving waters. On the other hand, phosphorus is an important material, making a major contribution to agricultural and industrial development.
Recovering phosphorus as struvite has been regarded as a promising method for phosphate and ammonia removal from wastewater (Gilbert ; Warmadewanthi & Liu ) . As a good fertilizer in agriculture, struvite (MgNH 4 PO 4 ·6H 2 O) has a slow-release rate, which can minimize the danger of burning crop roots through prolonging nutrient release during the growing season. Currently, a few studies are being devoted to the methods for recovering struvite from swine wastewater (Suzuki et () indicated that struvite and amorphous calcium phosphate could simultaneously precipitate in synthetic swine wastewater during phosphorus recovery. Therefore, it is of significance to obtain the information about different minerals precipitated and minimize the interferences on struvite formation.
In most wastewater management, pH and Mg 2þ concentration are the limiting factors in terms of struvite production (Çelen et al. ) . Intuitively, adjusting the pH value and injecting Mg 2þ should create optimum conditions for producing struvite and thereby reducing phosphate concentration. However, the characteristics of swine wastewater deviate from those of pure water considerably, which may lead struvite precipitation into complicated processes and form various mineral species. In this work, the supernatants of anaerobically digested swine wastewater were withdrawn to carry out experiments for analyzing possible minerals that might precipitate during struvite recovery process. pH and magnesium addition level were adopted as the tested parameters in the experiments. The influence of calcium on struvite formation, analyzing by the chemical equilibrium software of PHREEQC Interactive, was also presented.
METHODS

Swine wastewater and magnesium source
The swine wastewater was obtained from an anaerobic digester in a large piggery operated by Yinxiang Group (Xiamen City, China). Supernatant was collected and screened by 1.0 mm mesh for all experiments. The physicochemical properties of the anaerobically digested wastewater are listed in Table 1 . The mole ratio of PO 4 3À -P:Mg 2þ :NH 4 þ -N in the wastewater was 1:0.6:3.6, indicating that adding magnesium was necessary for struvite formation. Bittern, as a by-product of sea salt industry, contains extremely high content of magnesium ion (approximately 32 g/L) with very smaller amounts of other inorganic compounds, which has been regarded as a promising alternative magnesium source for MgCl 2 and used successfully in struvite precipitation reaction (Lee et al. ; El Diwani et al. ) . In this study, bittern, containing 31.6 g/L Mg 2þ and 814 mg/L Ca 2þ , was provided by Fujian Salt of Company (Xiamen City, Fujian Province, China) for the experiments.
Experimental procedure
Batch experiments were performed on magnetic stirrers at ambient temperature of 25 W C. 200 ml swine wastewater and bittern were mixed into a 500 ml flask. The experiments concerning the influence of pH on phosphate precipitation was conducted over a pH range of 8.0-11 with bittern addition at 0.5% (v/v). Since the optimum pH for struvite crystallization is 9.5 (Song et al. ), the investigation on the influence of bittern addition level was carried out with bittern at 0, 0.25, 0.5, 1 and 2% (v/v) by setting pH value at 9.5. Each experiment trial was started after adjusting the wastewater to desired pH value by addition of 4 mol/L NaOH. Liquid bittern was then added. Rapid mixing of the solution with stirring rate at 200 rpm was performed. The pH value was kept at the level by NaOH supplement throughout the reaction. After 40 min stirring, the mixture was settled for 30 min. Sample was withdrawn through 0.45 μm pore size membranes. The supernatant was used for chemical analysis and the precipitate obtained was used for solid phase assay. All the experiments were performed in duplicate and the average figures were calculated.
Analytical methods
Wastewater analyses were performed according to standard methods (APHA ). The collected precipitates were analyzed by Fourier transform infrared (FTIR) spectroscopy (Nicolt iS10, ThermoFisher, USA). The standard FTIR spectra of struvite was prepared as stated elsewhere (Babi c-Ivancǐ c et al. ). The crystalline solid phases in the precipitates were examined with X-ray diffraction (X'Pert PROMPD, Holland) and the diffractograms were analyzed by Crystallographica Search-Match version 2.1.0.2 (Oxford Cryosystems Lt.). Saturation index (SI) was used to describe the saturation state of a precipitating system and was defined as:
where IAP is the free ionic activities product, and K sp represents the thermodynamic solubility product of the precipitate phase. When SI is above 0, the solution is undersaturated and no precipitation occurs; when SI is equal to 0, the solution is in equilibrium; when SI is below 0, the solution is supersaturated and precipitation occurs spontaneously. The calculation of SI for solid and dissolved phases of minerals was performed by the equilibrium speciation model PHREEQC (Interactive Version 2.15.0.2697).
RESULTS AND DISCUSSION
Precipitation efficiency 
Solids precipitated
Infrared spectra analyses
The infrared spectra of solid samples in the pH test experiments are presented in Figure 1 . A good coincidence of Table 2 | Initial and the spectra among the samples and the standard struvite was observed. The characteristic NH 4 þ band at 1,442 cm À1 and three typical bands of PO 4 3À at 1,020-1,090 cm À1 , 580 cm À1 and 460-472 cm À1 suggested that struvite existed in all the deposits. The characteristic bands of SO 4 2À at 110 cm À1 and CO 3 2À at 870 cm À1 , 1,420 cm À1 and 1,640 cm À1 undetected in the spectra revealed that carbonate and sulfate were absent in the precipitates. Thus, it was concluded that phosphate minerals were the dominant compositions in the precipitates despite the pH variation.
X-ray analyses
The precipitant samples collected in all the experiments were also subjected to X-ray diffraction to analyze the presence of crystalline phases in the minerals. The diffractogram patterns obtained were similar to the standard spectra of sturivte. Crystallographica Search-Match analyses confirmed that struvite was the only crystalline solid in the precipitant samples.
Mass balances
In order to clarify which phosphate minerals including struvite formed in the experiments, mass balances for phosphorus in the whole precipitating process were carried out. Table 2 presents the mmol/L of compositions precipitated and the molar ratios that were calculated by the differences between initial and final concentrations of P, Mg, N and Ca, respectively. As to the pH test, although pH ranged from 8 to 11, the precipitant molar ratios of P:Mg:N kept approximately at 1:1:1, a specific molar ratio for struvite, which confirmed that struvite was the dominant species in the precipitates. A decrease of calcium concentrations and a decline of P:Ca molar ratios from 1:0 to 1:0.2 were observed at pH above 10. These implied that calcium phosphate was formed in highly alkaline conditions. Besides, unbalancing molar ratios of P:Mg:Ca within pH 10-11 suggested that the mass of phosphorus precipitated was deficient for total magnesium and calcium precipitations. Other minerals except for phosphate species might also exist in the compound precipitates during the highly alkaline runs. In the experiments concerning the effect of bittern addition level, the addition of NaOH to pH 9.5 without bittern addition (dosage level at 0%) created a precipitant molar ratio of P: Mg:N:Ca of 1:0.8:0.7:0.4, as compared to the specific molar ratio of 1:1:1:0 for struvite standard, revealing that calcium phosphate was present. Observed P:Ca of 1:0.2 and 1:0.1 at 0.25 and 0.5% bittern dosage implied that calcium phosphate precipitation occurred at low bittern addition levels. concentrations in the experiments, potassium struvite formation was excluded in the consideration. Taking into account the above statement and the experimental results obtained from the chemical analyses, magnesium phosphate formed in the experiments was struvite. Precipitated phosphate minerals other than struvite were considered as calcium phosphates. Since struvite contains NH 4 -N in its composition, the quantity of struvite can be determined from NH 4 -N content in the precipitated solids. Therefore, the purity of struvite recovered from swine wastewater was calculated, and shown in the last column of Table 2 . The presence of Ca 2þ , which is one of the most commonly encountered cations in swine wastewater (Suzuki et . Thus, ACP was the possible precipitates in the experimental runs. With regard to HAP, it has been reported that ACP, OCP and DCPD act as precursors to the precipitation of HAP, and with time they will be transformed to HAP (Barat et al. ) . Although formation of HAP is thermodynamically favored, the kinetics of its process is extremely slow (Musvoto et al. ) . Also, Pastor et al. () confirmed that the transformation of ACP to HAP does not take place within the length of time that the experiment last. Moreover, solid samples collected from the experiments did not show any other crystals than the ones with the typical struvite shape. Based on these results, calcium phosphate precipitated was considered to be amorphous calcium phosphate (ACP).
CO 3 . Also, infrared spectra and X-ray diffraction analyses confirmed that carbonate and sulphate were absent in the precipitates. Accordingly, these minerals were out of consideration in the experiments.
In addition, the fourth to last column of Table 2 shows unbalancing molar ratios of P:Mg:Ca at 1:0.9:0.2 when pH was controlled above 10. These indicated that not all magnesium or calcium precipitated was precipitated as struvite or ACP. Other minerals except for phosphate species might exist in the compound precipitates. The possible precipitate that might form in the solid phase was brucite (Mg(OH) 2 ), an important Mg species in highly alkaline conditions (Warmadewanthi & Liu ). It should be pointed out that since hydroxyl stretching vibration was weak and easily masked by the presence of impurities (Frost & Kloprogge ) , brucite was not detected in the infrared spectra of the collect solids (Figure 1) .
Based on the above statement and the experimental results originated from the chemical analyses, stuvite was the dominant mineral in the precipitates, mixing up with ACP, during phosphorus recovery from the digested swine wastewater. Other mineral that might form was brucite, which occurred spontaneously in highly alkaline conditions at pH above 10.
Since the solids formed were mainly struvite and ACP in the experiments, SI values for ACP and struvite were calculated. Figure 2 presents the percentage of phosphate precipitated as ACP (%P ACP ) and the ratio of the saturation index for ACP and the saturation index for struvite (SI ACP / SI MAP ), calculated by PHREEQC (Interactive Version 2.15.0.2697). The profile of %P ACP variation matching with the SI ACP /SI MAP variation was detected throughout the experimental runs. It could be observed that the presence of calcium, which increased the ACP saturation index and SI ACP /SI MAP ratio, gave rise to the formation of ACP and diminished the percentage of phosphorus precipitated as struvite. When pH was above 9.5 or bittern dosage was below 1% (w/w), the solutions seemed to cause precipitations of ACP along with struvite. Controlling pH below 9.5 or bittern addition level above 1% could keep ACP amount in the precipitates at extreme low concentrations. Hence, in order to reduce the loss of phosphorus by ACP formation, adjusting pH and bittern addition level at optimal ranges was necessary.
CONCLUSION
This study focused on the possible mineral species precipitated in the real swine wastewater during struvite recovery process. Experimental results revealed that the solids formed were mainly struvite, followed by ACP and brucite. The presence of Ca 2þ diminished the percentage of phosphorus precipitated as struvite and gave rise to ACP formation. In order to obtain the highly pure struvite crystals, pH value and bittern addition amount must be controlled below 10 and above 0.5% (w/w), respectively. Future works will focus on the kinetics of struvite nucleation and crystal growth processes under different operational conditions, and methods to inhibit calcium phosphate precipitation will be developed.
